BACKGROUND: The objective of this study was to determine the molecular mechanisms responsible for cellular radiosensitivity in two human fibroblast cell lines 84BR and 175BR derived from two cancer patients. METHODS: Clonogenic assays were performed following exposure to increasing doses of gamma radiation to confirm radiosensitivity. g-H2AX foci assays were used to determine the efficiency of DNA double-strand break (DSB) repair in cells. Quantitative PCR (Q-PCR) established the expression levels of key DNA DSB repair genes. Imaging flow cytometry using annexin V-FITC was used to compare artemis expression and apoptosis in cells. RESULTS: Clonogenic cellular hypersensitivity in the 84BR and 175BR cell lines was associated with a defect in DNA DSB repair measured by the g-H2AX foci assay. The Q-PCR analysis and imaging flow cytometry revealed a two-fold overexpression of the artemis DNA repair gene, which was associated with an increased level of apoptosis in the cells before and after radiation exposure. Overexpression of normal artemis protein in a normal immortalised fibroblast cell line NB1-Tert resulted in increased radiosensitivity and apoptosis. CONCLUSION: We conclude that elevated expression of artemis is associated with higher levels of DNA DSB, radiosensitivity and elevated apoptosis in two radio-hypersensitive cell lines. These data reveal a potentially novel mechanism responsible for radiosensitivity and show that increased artemis expression in cells can result in either radiation resistance or enhanced sensitivity.
Efficient DNA repair mechanisms in human cells are central to the maintenance of genome integrity and the prevention of cancer. DNA double-strand breaks (DSB) are a potentially cytotoxic lesion and must be repaired by the cell to ensure survival and viability. DNA DSB can be generated by exposure to ionising radiation (IR) and certain classes of anticancer chemotherapeutic drugs, such as alkylating agents, but also as a consequence of normal cellular oxidative metabolism (Kryston et al, 2011) . In addition, DSB can be caused by the action of recombinase activating gene-mediated VDJ recombination during the process of immunoglobulin production during adaptive immunity (Ramsden et al, 2010) .
There are two principal cellular mechanisms which recognise and repair DSB. The canonical pathway of non-homologous end joining (NHEJ) functions primarily in non-cycling cells or in the early phases of the cell cycle (Rothkamm et al, 2003) . During NHEJ, the DNA-dependent protein kinase heterodimer, which contains the Ku70 and Ku80 protein complex, binds to DNA ends and recruits the DNA-dependent protein kinase catalytic subunit (DNA-PKcs) to the break site (West et al, 1998) . Due to the fact that the DNA ends at the break are rarely compatible, DNA-PKcs recruits the artemis protein, which acquires endonucleolytic activity and digests 5 0 and 3 0 DNA overhangs. The compatible DNA ends are re-ligated by a protein complex containing DNA ligase IV, which is stabilised and stimulated by XRCC4 and XLFcernunos (Burma et al, 2006) .
Animal models reveal that defects in any component of the NHEJ pathway can lead to hypersensitivity to IR, genome instability, immunodeficiency and cancer (Bassing and Alt, 2004) . In humans, defects in the specific genetic components of NHEJ also result in predisposition to cancer (lymphoma and leukaemia) or to extreme radiosensitivity. For example, defects in ligase IV (Riballo et al, 1999) , deficiency in artemis expression (Musio et al, 2005) or a mutation in the DNA-PKcs gene are associated with extreme clinical and cellular radiosensitivity and increased cancer incidence (Abbaszadeh et al, 2010 , van der Burg et al, 2010 .
Alternatively, in cells traversing the later phases of the cell cycle, such as the S phase, DSB repair is mediated primarily by the homologous recombination (HR) pathway in an error-free manner (Scott and Pandita, 2006) . A Holliday junction is created, whereby lost genetic information is 'copied' from the homologous sister chromatid. Following resolution and separation of the two sister chromatids by the action of resolvase enzymes, DNA replication is completed and genomic integrity at the site of the DSB is maintained (Ip et al, 2008) .
Defects leading to a reduction in functional artemis endonuclease activity are particularly noteworthy. At the cellular level, this manifests as extreme radiosensitivity. In human subjects, artemis deficiency results in radiation-sensitive severe combined immunodeficiency A (SCID-A). Severe combined immunodeficiency A is characterised clinically by extreme radiosensitivity and by a complete absence of T and B cells due to a failure of the receptor recombination stage of V(D)J recombination (Dvorak and Cowan, 2010) . Attempts to correct the deficiency in cells by transduction with lentiviral gene expression vectors containing the artemis cDNA has led to overexpression of artemis in a number of mammalian cell types (Multhaup et al, 2010) . However, overexpression has also resulted in a loss of cell viability, associated with increased DNA damage and elevated apoptosis as a result of abnormal activity of the artemis endonuclease inducing DNA breaks (Multhaup et al, 2010) . Although such findings have significant implications for the role of gene therapy approaches for the treatment of SCID, it also reveals a potentially novel mechanism, which may explain radiosensitivity in human cell types. To support this assertion, we have recently characterised two radiosensitive human fibroblast cell lines derived from different cancer patients in which we observed a two-fold increase in the expression of artemis as determined by real-time quantitative PCR (Q-PCR) analysis. This was also associated with enhanced cellular radiosensitivity, together with a reduction in the repair of DNA DSB and increased levels of apoptosis in both cell lines. Also, in an immortalised normal fibroblast cell line NB1-Tert transfected to overexpress the artemis protein, we observed increased cellular radiosensitivity in a clonogenic assay following exposure to a range of doses of gamma radiation. From these observations, we propose a novel mechanism of cellular radiation hypersensitivity, whereby abnormally high expression of artemis may act as a dominant negative resulting in increased DNA DSB and elevated apoptosis associated with clinical and cellular radiosensitivity.
MATERIALS AND METHODS

Cell culture
The 84BR fibroblast cell line was derived from a non-affected skin biopsy of radiosensitive breast cancer patient (Arlett et al, 1989) . The 175BR cell line was derived from a non-affected skin biopsy from an individual with multiple tumours of independent histological origin and was a kind gift from Professor Bruce Ponder (Cambridge Research Institute, Cambridge, UK). The NB1 normal fibroblast cell line is described by Bridger and Kill (2004) and the 1.BR3 fibroblast cell line was derived from a normal individual (Arlett et al, 1988) . The NB1-Tert cell line was derived from the NB1 cells described above but were immortalised by transfection with the human HTERT cDNA using the standard protocols described elsewhere (Hahn et al, 1999) . Cells were routinely cultured in Dulbecco's Modified Eagle Medium (DMEM) (PAA Laboratories Ltd, Yeovil, UK), supplemented with 10% (v/v) fetal calf serum (PAA Laboratories Ltd), 2 mM L-glutamine and 100 Uml À 1 penicillin and streptomycin (PAA Laboratories Ltd). Cells were grown as monolayers at 37 1C in a humidified atmosphere of 5% CO 2 in air.
Clonogenic cell survival assays
Radiation Clonogenic assays following exposure to gamma radiation were conducted as described previously (Arlett et al, 2006) . In brief, cells were irradiated in suspension in DMEM with 0, 2, 4, 6 and 8 Gy gamma radiation from a 60 Cobalt source at a distance of 25 cm from the source at a dose rate of 1.4-1.5 Gy min . An appropriate number of cells were plated into each of five 10-cm dishes, containing 10 ml DMEM as described above, to allow the growth of 200-300 colonies in untreated control dishes. Cells were incubated for a period of 3 weeks, fixed in methanol, stained with 0.5% methylene blue in water (SigmaAldrich Ltd, Dorset, UK) and colonies counted. The number of colonies derived from irradiated cells was expressed as a percentage of colonies in untreated control plates.
Nitrogen mustard clonogenic assays
Clonogenic assays following exposure of cells to nitrogen mustard (HN2) was conducted as described by Clingen et al (2007) . In brief, approximately 1 Â 10 5 cells were seeded into 5-cm dishes in 5 ml complete medium and incubated overnight. Analytical grade HN2 (Sigma Aldrich Ltd) was diluted immediately before use in serumfree medium. Cells were exposed to HN2 for 1 h, after which the cells were washed in serum-free medium, trypsinised and counted and inoculated into five 10-cm dishes per dose, containing 10 ml complete medium. Colonies formed after a 3-week incubation period were fixed, stained and counted as described for the radiation exposure clonogenic assays.
Determination of DNA DSB using g-H2AX
The repair of DNA DSB following exposure to 2 Gy gamma radiation from a 60 Cobalt source was measured as described previously (Abbaszadeh et al, 2010) . Cells were grown as monolayers on 13-mm diameter circular coverslips. A monoclonal antibody to phosphoserine 139 g-H2AX, clone JBW 301 (Millipore Ltd, Watford, UK), at 1 : 10 000 dilution was added for 1 h at room temperature (RT). Alexa Fluor 488 goat antimouse IgG antibody (Invitrogen Ltd, Paisley, Scotland, UK) diluted 1 : 1000 was added to the cells for 1 h at RT, after which cells were counterstained with 1 mg ml À 1 4 0 ,6-diamidino-2-phenylindole in mowiol mountant (Sigma Aldrich Ltd). Analysis was performed by counting the number of foci in a minimum of 200 nuclei of each cell line at each time point (unirradiated and 30 min, 3, 5 and 24 h post exposure) using a Zeiss Axioscope fluorescence microscope with a Â 100 magnification objective (Carl Zeiss Ltd, Cambridge, UK).
Apoptosis assay
The level of apoptosis in untreated cells and cells irradiated with 2 Gy gamma radiation was determined by immunocytochemistry and imaging flow cytometry, using a FITC Annexin V Apoptosis detection kit (BD Pharmingen Ltd, Oxford, UK) according to the manufacturer's instructions. In brief, either untreated cells or cells irradiated with 2 Gy gamma radiation were recovered into suspension by trypsinisation and washed twice in PBS. Cells were resuspended into 500 ml of binding buffer, to which was added 5 ml annexin V-FITC and 5 ml of propidium iodide (PI). Cells were incubated for 10 min at RT in the dark and levels of apoptosis were determining by counting 5000 cells using the Imagestream X imaging flow cytometer with a 488-nm laser at a power setting of 40 mW (Amnis Corporation, Seattle, WA, USA). Images of all cells were visualised using the Ideas analysis software program of the Imagestream X (e.g., Bourton et al, 2011) . Here cells are first gated for single cells, cells in focus, followed by identification of apoptotic cells. Apoptotic cells were gated and enumerated by identifying those cells that exhibited FITC and PI staining. Staining patterns in all cells were visually confirmed by assessing the appearance of the cells using the Image Gallery of the Ideas software package.
Total RNA extraction and cDNA synthesis Total RNA was isolated from a single 10-cm dish of 80% confluent 1BR.3, NB1, 175BR and 84BR cells using Trizol reagent (Sigma Aldrich Ltd) according to the manufacturer's instructions. Total RNA was quantified by spectrophotometry and visually evaluated by agarose gel electrophoresis. Reverse transcription of the RNA into first-strand cDNA was achieved by using 1 mg of total RNA from each cell line using Superscript III reverse transcriptase (Invitrogen Ltd) and random hexamer primers (Invitrogen Ltd).
Real-time Q-PCR
A SYBR green fluorescence-based real-time Q-PCR assay was used for the determination of the expression levels of all key genes involved in NHEJ DNA DSB repair. Reactions were carried out using an ABI Prism 7900HT Fast Real-Time PCR system (Applied Biosystems Ltd, Paisley, Scotland, UK). Using the NCBI Sequence Database, gene-specific primers were designed and synthesised for Ku70, Ku80, DNA-PKcs, XRCC4, ligase IV, XLF-cernunnos and artemis. The sequences for both forward and reverse primers, together with amplicon sizes, are shown in Table 1 .
A 20-ml reaction volume included 10 ml (2Â ) SYBR green mastermix (Applied Biosystems Ltd), 1 ml of forward and reverse primer (10 mM concentration) and 50 nM cDNA. Reaction volumes were made up to 20 ml using molecular biology grade water.
NHEJ target genes and GAPDH or b-actin were amplified in triplicate reactions for each sample and the average C T values were calculated. Relative quantification analysis of gene expression was carried out using the comparative C T (2 À DDCT ) method (Livak and Schmitten, 2001) for the determination of expression of all NHEJ genes. GAPDH or b-actin expression were used as the internal reference genes for the normalisation of NHEJ gene expression. The NB1 and 1BR.3 normal fibroblast cell lines were used as calibrators.
Transfection of NB1-Tert cells with the artemis cDNA
The artemis cDNA expression construct was purchased from Origene Inc. (Rockville, MD, USA), which was provided in the expression plasmid pCMV6-XL5 (under control of the CMV promoter). This plasmid was supplied without a selectable marker to identify transfected cells. Therefore, the NB1-Tert cells were co-transfected with the pCMV6-XL5 and pPur plasmid (Clontech, Hants, UK). pPur confers resistance to puromycin allowing the selection of transfected cells.
Transfection was conducted using Genejuice lipid transfection reagent (Novagen Ltd, London, UK). A total of 20mg of each plasmid in 100 ml of serum-free medium containing 3 ml of Genejuice reagent was added to the cells for 5 h, after which cells were selected in 20 mg ml À 1 puromycin for 4 weeks. Puromycinresistant clones were collected by ring cloning and subjected to further analysis.
Quantitation of artemis protein expression in cells
Artemis protein expression in the fibroblast cell lines NB1, 1BR.3, 84BR and 175BR and the NB1-Tert cells transfected with artemis was determined using immunocytochemistry and imaging flow cytometry. Cells growing as monolayers were trypsinised and washed twice in 10 ml of ice cold PBS. Following fixation in 3.7% paraformaldehyde in PBS at 41C for 15 min, cells were washed in PBS and fixed in 50 : 50 vol:vol methanol acetone for 10 min at 4 1C. Cells were rehydrated and permeabilised in Tris-buffered saline containing 0.1% Tween 20, after which the cells were stained with a rabbit polyclonal anti-artemis antibody at a dilution of 1 : 100 in permeabilisation buffer containing 5% goat serum (Abcam, Cambridge, UK). Following two washes in permeabilisation buffer, a goat anti-rabbit Alexa Fluor-conjugated secondary antibody was added at a dilution of 1 : 1000 for 1 h at RT (Invitrogen Ltd). Cells were washed three times in permeabilisation buffer and resuspended in 100 ml Accumax flow cytometry buffer (PAA Laboratories Ltd) containing 5 mM Draq 5 (to visualise the nuclear region). Images of 10 000 cells were captured using the Imagestream X , and the level of artemis expression in cells was determined by calculating the average Alexa Fluor-associated fluorescence in the nuclei of the cells.
Statistical analysis
Student's unpaired t-tests were used to compare the expression of key NHEJ genes in the radiation-sensitive 84BR and 175BR fibroblast cell lines and NB1 and 1BR.3 normal fibroblast cell lines. In addition, the difference in the survival of cells following both HN2 and gamma radiation exposure was also compared using Student's unpaired t-tests.
RESULTS
Clonogenic cell-survival assays -radiation
The response of the 84BR and 175BR fibroblast cell lines to increasing doses of gamma radiation is shown in Figure 1 and is compared with the response from the repair normal human fibroblast cell lines NB1 and 1BR.3. It can be seen for all cell lines that exposure to increasing doses of gamma radiation causes a proportionate decrease in clonogenic cell survival. However, in the 84BR and 175BR cell lines, there is greater reduction in colony survival when compared with the NB1 and 1.BR3 normal fibroblast cell lines. Comparison of the D 10 values (the dose of radiation required to reduce survival to 10%) show that the D 10 values for the repair normal fibroblasts is 5 Gy for the NB1 cells and 5.7 Gy for the 1BR.3 cells. Therefore, the NB1 cells are 1.47-fold more radioresistant than the 84BR and the 175BR cells, whereas the 1BR.3 cells are 1.68-fold more radioresistant than the 84BR and 175BR cell lines. These observations confirm those of Arlett et al 1989 and demonstrate the inherent cellular radiosensitivity of the 84BR and 175BR fibroblast cell lines. A Student's unpaired t-test, comparing the D 10 values of the 84BR and 175BR cell lines with the normal fibroblasts, demonstrated that the cells were significantly more sensitive to gamma radiation (Po0.05).
Clonogenic cell-survival assays -HN2
DNA DSB can be repaired by one of the two mutually exclusive repair pathways as described above. In order to determine if the radiosensitivity of the 84BR and 175BR cell lines was associated with a defect in either the NHEJ-or HR-repair pathway, clonogenic assays were performed where cells were exposed to increasing concentrations of the chemotherapeutic drug HN2. This agent primarily exerts its cytotoxicity by the introduction of DNA interstrand cross-links (ICL), which compromise both strands of the DNA. Such adducts are particularly challenging for the cell to repair, which occurs via a two-step process. Here the ICL is 'unhooked' from one strand via the action of the nucleotide excision repair-associated endonuclease ERCC1-XPF protein complex. This in turn creates a substrate for repair of the DSB by HR. Figure 2 shows the response of the radiosensitive 84BR and 175BR cell lines, together with the repair normal NB1 and 1BR.3 cells. It can be observed that for all cell lines as the concentration of HN2 increases, there is a decrease in clonogenic cell survival. However, all cell lines display a similar sensitivity. Using a Student's unpaired t-test to compare the IC 50 values of the 84BR and 175BR cell lines with the normal fibroblasts, it was demonstrated that there were no significant differences in IC 50 values, indicating similar responses to HN2 (P ¼ 0.18). This observation indicates that the radiosensitivity of the 84BR and 175BR cell lines is not due to a defect in the HR-repair pathway and more likely to be a defect in one or more components of the NHEJ-repair pathway.
c-H2AX foci assay: DNA DSB repair
The induction and repair of DNA DSB in all cell lines was determined by counting the number of g-H2AX foci in the nuclei of untreated cells and those exposed to 2 Gy gamma radiation at 30 min, 3, 5 and 24 h post irradiation. The data displayed in Figure 3 show that in the untreated cells, there are more residual g-H2AX foci in the radiosensitive 84BR and 175BR cell lines (5.12 and 4.32 foci per nucleus, respectively), compared with the repair normal NB1 and 1BR.3 cells (0.81 and 1.02 foci per nucleus, respectively). At 30 min post irradiation, there is a dramatic induction of foci in all cells consistent with the induction of DNA DSB. In the NB1 and 1BR.3 cells, the number of foci return to near normal levels at 5 and 24 h. In the 84BR and 175BR cells, however, there is a significant retention of foci at 5 and 24 h when compared with the NB1 and 1BR.3 cells (Po0.05).
Expression of NHEJ genes: Q-PCR
The levels of expression of the key genes involved in NHEJ for both radiosensitive 84BR and 175BR cells lines are shown in Figure 4A and B. In each experiment, the repair normal NB1 and 1BR.3 Figure 3 The induction and repair of DNA DSB in the radiosensitive 84BR and 175BR fibroblasts in comparison with the repair normal 1BR.3 and NB1 fibroblast cells. Cells were exposed to 2 Gy gamma radiation, and the induction and repair of DNA DSB was measured by the appearance and removal of g-H2AX foci in the nuclei of unirradiated and irradiated cells. Data are derived from three independent experiments, and error bars represent s.e. of the mean.
fibroblasts are presented as internal calibrators for the expression of the NHEJ genes, and the levels of expression in these cells are represented by a value of 1.0. Expression of the NHEJ genes in the radiosensitive cells is plotted relative to the repair normal fibroblasts. For the 84BR fibroblasts, there is an approximate two-fold overexpression of the artemis protein when compared with the repair normal NB1 and 1BR.3 fibroblasts. Comparison of the expression levels of artemis in the 84BR cells with the repair normal fibroblast using a Student's unpaired t-test reveals a statistically significant difference in expression levels (P ¼ 0.003). Similarly for the radiosensitive 175BR fibroblasts, it can be seen that there is an approximate 1.7-fold overexpression of the artemis protein when compared with the control cells. A Student's unpaired t-test reveals a statistically significant difference in expression levels between the 175BR radiosensitive cells and the repair normal control cells (P ¼ 0.007).
Radiation sensitivity of artemis-transfected NB1-Tert cells
Clonogenic cell survival in the artemis-transfected NB1-Tert cells following exposure to 0, 2, 4, 6 and 8 Gy gamma radiation is shown in Figure 5 . In the parental NB1-Tert cells and those transfected with the pPur plasmid, together with a single clone (clone 6) of artemis-transfected cells, there is a similar and normal level of survival. However, in the NB1-Tert clones 1-5 (that are overexpressing artemis), there is a marked reduction in the clonogenic cell survival following exposure to increasing doses of gamma radiation. In the single clone 6 in which the radiation response was unaltered, it is likely that here the cells were transfected with the pPur plasmid only and failed to acquire the artemis gene during the co-transfection process.
Analysis of apoptosis levels in the fibroblast cell lines and NB1-Tert artemis-transfected cell lines
Apoptosis in NB1, 1BR.3, 84BR and 175BR cells Using annexin V and PI staining of live cells in conjunction with Imagestream X imaging flow cytometry, the levels of apoptosis in unirradiated and cells exposed to 2 Gy gamma radiation was assessed in approximately 5000 cells for each cell line. The data shown in Figure 6A show that in the repair normal NB1 and 1BR.3 cells, the levels of apoptosis in unirradiated cells (determined by the number of cells positive for annexin V and PI staining) is 5.00% and 3.31% of all cells, respectively. Following 2 Gy gamma radiation, the levels of radiation-induced apoptosis increases to 8.65% and 11.50%, respectively, for each cell line. In the radiation-sensitive 84BR and 175BR fibroblasts, apoptosis levels in unirradiated cells is 8.65% and 10.32%, respectively. Following 2 Gy irradiation, these levels increase to 24.54% and 30.60%, respectively. These data indicate that spontaneous levels of apoptosis in the radiosensitive cell lines are higher than in the repair-competent NB1 and 1BR.3 cells. Moreover, a similar and significantly increased level of apoptosis is observed in the 84BR and 175BR cells compared with the repair-competent fibroblasts (Po0.05, Student's unpaired t-test). In Figure 7A , representative images of cells in apoptosis are shown.
Elevated apoptosis in artemis-transfected NB1-Tert cells Apoptosis in NB1-Tert cells transfected to overexpress artemis was measured by imaging flow cytometry. In five out of six clones, we demonstrated a significantly increased level of apoptosis when compared with non-transfected cells and cells transfected with the pPur vector only (Po0.05). In clone 6, we did not observe elevated apoptosis. Interestingly, this clone was not observed to have elevated artemis expression (Table 2) ; this is likely because of the failure to transfect with the artemis cDNA during co-transfection. Artemis expression in all cells is shown in Table 2 conjunction with immunocytochemistry. Cells growing as monolayers were trypsinised and stained with antibodies to detect artemis. Images of 10 000 cells were captured with imaging flow cytometry, and using a series of pre-determined analysis routines in the Ideas software (Amnis Inc.) (e.g., Bourton et al, 2011) , the average level of nuclear fluorescence attributable to artemis expression was calculated. The data are summarised in Table 2 . In the NB1 and 1BR.3 normal fibroblast cells, the average nuclear fluorescence attributable to artemis expression was averaged and given a value of 1.0. Expression of artemis in the 84BR and 175BR was expressed in relation to levels in the normal fibroblast cells. We demonstrate that the 84BR and 175BR cells display a 2.06-and 2.09-fold increase in nuclear artemis expression. These data support our observations of elevated artemis expression derived from the Q-PCR experiments.
Artemis expression in cells
Artemis expression in the NB1-Tert parental cells was derived as explained above. Artemis expression in the vector-only-transfected cells and in clone 6 reveals a largely unchanged level of artemis expression. However, in clones 1-5, there is an increased level of artemis expression in the nuclei of these cells. This ranged from a 1.65-fold increased level of expression in clone 3 to a 2.25-fold elevated expression in clone 5. Representative images of artemis staining of cells derived from imaging flow cytometry is shown in Figure 7B .
DISCUSSION
In this report, we have identified cellular radiosensitivity in two human fibroblast cell lines. The cell line 84BR was derived from a clinically radiosensitive breast cancer patient, whereas the 175BR cell line was derived from a cancer patient with multiple tumours of independent histological origin. We demonstrated that the cells were 1.5-2 fold more sensitive to the lethal effects of IR than the two fibroblast cell lines 1BR.3 and NB1 derived from repair normal individuals, using a clonogenic assay. We also demonstrated that the enhanced radiosensitivity in these cell lines was associated with a failure to effectively repair DNA DSB following radiation exposure as measured in a g-H2AX foci retention assay. We also observed elevated levels of apoptosis prior to and after 2 Gy gamma radiation exposure in the two radiation-sensitive fibroblast cell lines. The Q-PCR analysis of key genes associated with NHEJ DNA repair revealed a 1.5-2-fold overexpression of the artemis endonuclease, a key component of the NHEJ-repair pathway. Moreover, we induced radiosensitivity and elevated apoptosis in an immortalised normal fibroblast cell line (NB1-Tert) by overexpression of artemis following transfection with the cDNA.
Defects in artemis are associated with human disease and a deficiency of artemis results in SCID-A, characterised by a loss and T-and B-cell function, elevated radiation sensitivity and increased cancer incidence (Moshous et al, 2000) . In these cases, the phenotypes are usually associated with a reduction in the activity of artemis, leading to a failure of efficient NHEJ. However, we have demonstrated the corollary of this, in which cellular radiosensitivity appears to be associated with increased artemis expression. This seemingly counterintuitive observation is, notwithstanding, concordant with the recent report from Multhaup et al, 2010. Here the authors developed a series of lentiviral vectors containing the human artemis cDNA, which were used to transduce NIH3T3 cells. Overexpression of the artemis protein in these cells was associated with reduced cell survival, increased DNA damage and elevated apoptosis. Moreover, the overexpression of artemis was correlated with increased DNA DSB measured by comet assay. The authors concluded that the increased endonuclease activity attributable to the abnormally high cellular levels of the artemis protein was responsible for the reduced cell viability. Such observations have significant implications for genetherapy approaches for the treatment of SCID. Gene therapy vectors resulting in overexpression of artemis are likely to be detrimental to genome integrity and may exacerbate the clinical symptoms of SCID. The overexpression of artemis in the 84BR and 175BR cell lines is also associated with reduced cell survival before and after exposure to gamma radiation. We further support these observations by the induction of cellular radiosensitivity in a normal fibroblast cell line NB1-Tert.
Although we demonstrate radiosensitivity associated with artemis overexpression in the two cell lines and that this result is concordant with that of Multhaup et al (2010) , others have not demonstrated similar findings. For example, overexpression of functional artemis in the 48BR normal fibroblast cell line results in increased radioresistance. However, an artemis construct deleted at the C terminus thus removing endonuclease activity of the protein results in a dominant-negative phenotype, whereby the 48BR fibroblasts are rendered sensitive to the lethal effects of radiation and radiomimetic drugs (Mohapatra et al, 2011) . The apparent disparity of these findings is unclear, but it may be speculated that cell line-specific differences in DNA repair and gene expression may underpin the differences in radiation survival following artemis transfection. Alternatively, overexpression of an endonuclease, such as artemis, beyond a critical level may lead to cytotoxicty rather than resistance to radiation.
Our findings together with the results of others (Mohapatra et al, 2011) indicate that both increased and reduced levels of artemis expression can result in cellular radiosensitivity. Although the level of overexpression in the 84BR and 175BR cell lines is approximately 1.5-2 fold, we do observe elevated apoptosis and a failure to efficiently repair DNA DSB before and following radiation exposure.
We hypothesise that in the cell lines described in this study, the increased expression of the artemis protein appears to act in a dominant-negative manner and can result in elevated sensitivity to IR and elevated apoptosis.
